Introduction
Cardiac hypertrophy is not only an adaptive process in response to increased workload [l] but also one of the most important clinical complications of cardiovascular disorders. It is well known that a number of patients with cardiac hypertrophy develop heart failure, and that hypertrophy itself is one of the risk factors for an increased mortality rate [2] . Thus, understanding the molecular mechanisms involved in cardiac hypertrophy is of utmost importance.
In 1984, Zak [3] showed that the activation of adrenoreceptors accompanies cardiac hypertrophy induced by hemodynamic overload. However, several lines of evidence presented below suggest that mechanical stress is a major factor for cardiac hypertrophy in response to hemodynamic overload. First, stretching of quiescent papillary muscle accelerates protein synthesis [4] , and elevation of aortic pressure in beating perfused hearts causes an increase in protein synthesis [S] . Secondly, Cooper et al. [6] have reported that in aorta-constricted cats, papillary muscles without tension did not show hypertrophy, whereas neighboring stretched papillary muscle showed marked hypertrophy. Furthermore, stretching of cultured myocytes increased specific gene expression and protein synthesis without participation of neural or humoral factors [7-111. heart at both the mRNA and protein levels [13] . Recent reports have also shown that the cardiac RAS is activated in experimental left ventricular hypertrophy (LVH) induced by hemodynamic overload. Increases in angiotensinogen and ACE mRNAs have been reported in the hypertrophied left ventricle (LV) of rats [14] . In addition, subpressor doses of ACE inhibitors can cause regression of cardiac hypertrophy with no change in systemic systolic blood pressure [15] . Moreover, an increase in left ventricular mass produced by abdominal aortic constriction has been completely prevented with an ACE inhibitor without any change in afterload and plasma renin activity [16] . These results indicate that the local RAS may play a critical role in cardiac hypertrophy induced by pressure overload and that angiotensin II (AI11 may act to promote the growth of the cardiac myocytes by an autocrine/paracrine mechanism [9] .
The molecular mechanisms of cardiac cellular hypertrophy induced by mechanical overload are the topic of this review.
Stretching the silicone dishes
Recent data suggest that the local renin-angiotensin system (RAS) plays an important role in the formation of cardiac hypertrophy [12] . All components of the RASe.g., angiotensinogen, renin and angiotensin-converting enzyme (ACE) -have been identified to be present in the Not only mechanical stress but also neural or humoral factors may contribute to the production of cardiac hypertrophy. Although we have previously reported that the expression of immediate early genes (IEGs) was induced by aortic banding in in-vivo heart studies [17] , it had remained unknown whether mechanical stress directly regulates gene expression and protein synthesis without par-ticipation of neural or humoral factors. In addition, the has been best studied at both the physiological and molecheart consists of various cell types such as neural, vascuular levels. The transition from VI to V3 decreases the lar, endothelial, interstitial and muscle cells. It is therefore initial speed of shortening, but improves the efficiency of difficult to examine the accurate mechanisms by which contraction for an equivalent amount of work, suggesting mechanical stress controls gene expression in cardiac mythat this transition is an adaptation to increased overload. ocytes. To overcome these problems, an in-vitro model of In cardiac hypertrophy produced by pressure overload, the stretching cultured cardiac myocytes has been established shift from the VI (homodimer of (Y MHC) to the V3 [7,1 I], according to the skeletal muscle-stretching model (homodimer of PMHC) isoform is observed [23] . It is [18] . As stretching the ventricular wall during hemodynoteworthy, however, that in contrast to ventricles of namic overload is the most important mechanical factor for smaller animals such as rat and rabbit, the isoform of increased protein synthesis, neonatal rat cardiac myocytes MHC ;IS predominantly V3 in the ventricles of larger were cultured in deformable silicone dishes and a mechanianimals including human. Little isozyme transition occurs cal load was imposed by stretching the adherent cells.
in response to hemodynamic overload in human heart.
Stretching and gene expression
In cardiac hypertrophy, the expression levels of specific genes as well as protein synthesis are increased. For the last several years, a number of genes that respond to mechanical stress have been identified in myocytes [9] . These genes can be classified into two main groups: one is a group of IEGs whose transcription is activated rapidly and transiently by extracellular stimulation. This activation is independent of new protein synthesis. The other group is that of late response genes whose expression is increased more slowly, and requires new protein synthesis. With regard to IEGs, the induction of the proto-oncogenes such as c-fos and c-myc by aortic constriction was first reported in rat hearts [17, 19, 20] . It has been also reported using an isolated perfused heart [21] . These results suggest that mechanical stress can directly induce expression of IEGs in the heart.
In contrast to the up-regulated genes, some genes are down-regulated by hemodynamic overload. A Ca*+-ATPase gene of the sarcoplasmic reticulum (SERCA) is a notable example. The mRNA level of SERCA is gradually decreased by pressure overload in the animal model [24,2.5] , and this reduction is also observed in the failing human heart. In-vitro studies also show that both mechanical stress and some growth factors reduce the expression of SERCA. The reduction of SERCA mRNA expression is also observed in cardiac myocytes of fetal stages, and is accompanied by reduced protein levels, which suggests that down-regulation of SERCA is involved in abnormal Ca2+ handling in hypertrophied and fetal hearts [25] . Taken together, it can be concluded that changes in transcriptional regulation of specific genes during cardiac hypertrophy reflect a return to an earlier state of myocyte differentiation.
In in-vitro studies, stretching of myocytes also stimulated the expression of IEGs such as c-fos, c-myc, c-jun and Egr-1, in a stretch-length-dependent manner, followed by an increase in amino acid incorporation into proteins [7, 8] . It is known that the protein products of c-j& (Fos) and c-jun (Jun> interact to form a heterodimeric transcription factor, AP-1. In addition, Sadoshima et al. [22] showed that stretching of myocytes induced DNA binding activity in both the AP-I consensus sequence and the Egr-I target sequence. Therefore, these IEG products may work as the third messengers during the development of stretch-induced cardiac hypertrophy. The induction of c-f& was most prominent (more than 20-fold increase in mRNA levels after stretch) among these IEGs and the expression kinetics of c-j& were similar to those of other cells stimulated by growth factors. The expression of c&s was enhanced within IO min by stretch, peaked at 30 min and declined to undetectable levels by 240 min. Moreover, c-j& induction was observed abundantly in the myocyterich fraction rather than in the non-myocyte-rich fraction, suggesting that there is a heterogeneity in response to mechanical stress among cell types.
Stretching and phosphorylation cascade
Among late response genes which can be evoked by hemodynamic overload, the myosin heavy chain (MHC) As mentioned above, specific gene expression is induced by mechanical stress during cardiac hypertrophy. The load-response element of the c-fos gene promoter was first examined in order to understand the mechanisms of stretch-induced gene expression. We analyzed the promoter function of the C--OS gene by transfecting a c-j& promoter-chloramphenicol acetyltransferase (CAT) fusion gene into cardiac myocytes. Deletion mutagenesis of the S-flanking region of the c-fos gene indicated that the sequences between -227 and -404 base pairs containing serum responsive element (SRE) were required for the induction of c-j& gene expression by stretch. Stretch-induced c-fos expression was inhibited by both protein kinase C (PKC) inhibitors and down-regulation of PKC, suggesting that mechanical stress activates PKC and then induces c-j& gene expression [8] . To examine whether mechanical stress can activate PKC activity, inositol phosphate levels were measured in the myocytes in the presence or absence of mechanical stress. Stretching of myocytes :dgnificantly increased inositol phosphate levels, suggesting that a by-product 1,2-diacylglycerol (DG) directly activates PKC [8] . Recently, this conclusion was also confirmed by measuring DG and PKC activity after stretch [26] .
A great number of intracellular signals are transmitted to the nucleus through a protein kinase cascade of phosphorylation [27] . How is the PKC activation transduced into cardiac hypertrophy and gene expression? The phosphorylation cascades of four protein kinases, Raf-1 kinase, MAP kinase kinase, MAP kinase and S6 kinase, have been well characterized and reported to play important roles in gene expression. We examined MAP kinase activity in cardiac myocytes after stretch. The activation was observed maximally 10 min after stretch [28] . The activation of S6 kinase was also observed by stretching of cardiac myocytes. We have further elucidated that stretch activates both Raf-1 kinase and MAP kinase kinase activity in cardiac myocytes. It is known that serine/threonine phosphorylation is responsible for the activation of Raf-1 kinase [29] and that PKC is a serine/threonine-specific protein kinase. Since stretch induces PKC activation [8], it is likely that PKC activated by stretch might induce Raf-1 kinase. It has also been reported that Raf-1 kinase can activate MAP kinase kinase [30] . Hence a stretch-induced protein phosphorylation cascade (PKC + Raf-1 kinase -+ MAP kinase kinase --) MAP kinase + S6 kinase) may play important roles in hypertrophy and gene expression in cardiac myocytes (Fig. 1) .
There is no direct evidence proving that the MAP kinase cascade is involved in the stretch-induced hypertrophic responses. However, Thorbum et al. [31] showed that Ras, which is one of upstream signaling molecules for MAP kinase cascade, is necessary and sufficient for a hypertrophic response in cardiac myocytes. This observation raises the possibility that the MAP kinase cascade may be important during the development of cardiac hypertrophy. Studies with specific MAP kinase inhibitors or dominant negative MAP kinase mutants would elucidate this possibility. In addition, it is uncertain that data generated on neonatal cardiocytes can be precisely extrapolated to adult cardiocytes. However, Lazou et al. [32] demonstrated that the activation of MAP kinases and MAP kinase kinases 1s provoked by potential hypertrophic agonists such as high coronary perfusion pressure, norepinephrine and isoproterenol in perfused adult rat hearts. We believe that at least a part of stretch-induced hypertrophic responses in neonatal rat hearts can be applied to those in adult heart cells, although it remains to be determined which responses are common to neonatal and adult myocytes. 5 . Stretch receptors
Stretch-sensitive channels
Many cells including cardiac myocytes respond to a variety of environmental stimuli by ion channels in the plasma membrane. Mechanosensitive ion channels have been observed with single-channel recordings in more than 30 cell types of prokaryotes, plants, fungi and animals [33] . In cardiac hypertrophy, the activation of stretch-sensitive channels has been proposed as a transduction mechanism between load and protein synthesis. The stretch-sensitive channels allow the passage of the major monovalent physiological cations, Na+ and Kf, and the divalent cation, Ca*'. With the use of a Ca*+-binding fluorescent dye and the patch-clamp technique , Ca*' influx through stretch Stretch h receptor? Fig. 1 . Model of stretch-induced cardiac hypertrophy. Mechanical stress exemplified by stretch stimulates the secretion of AI1 from cardiac myocytes. The secretion of AI1 then activates a protein kinase cascade of phosphorylation and produces cardiac hypertrophy. However, because a type 1 AI1 receptor antagonist cannot completely inhibit such a signaling pathway, factors other than AI1 (e.g., integrins, paxillin, talin, ion channels) might be also involved in producing hypertrophy in response to stretch. "Stretch receptors" also remain to be elucidated.
at Pennsylvania State University on February 21, 2013 http://cardiovascres.oxfordjournals.org/ Downloaded from channels has been shown to lead to waves of calcium-induced calcium release [34] .
A Naf ionophore (monensin or veratridine) and a Ca2+ ionophore (A23187 or ionomycin) induced expression of some genes including c-fos in cardiac myocytes 1351. However, expression of fetal-type genes which are often seen in cardiac hypertrophy are not induced by the increase in Na+ or Ca*+ concentration. Moreover, stretch channel inhibitors such as gadolinium and streptomycin or a Naf channel blocker (tetrodotoxin) do not inhibit protein synthesis or c-fos gene expression induced by stretch [35] . Although we cannot rule out the existence of the inhibitor-insensitive stretch channels in cardiac myocytes, it may be unlikely that an opening of the stretch-sensitive ion channels is involved in many stretch-induced biochemical events including cardiac cellular hypertrophy.
Extracellular matrix and cytoskeleton
There are many lines of evidence suggesting that mechanical stress is transmitted into cells from the sites at which cells attach to the extracellular matrix (ECM) [36] . Therefore, transmembrane ECM receptors such as the integrin family are good candidates for mechanoreceptors. A large extracellular domain of integrin-receptor complex binds to various ECM proteins, while a short cytoplasmic domain has been shown to interact with the cytoskeleton in the cell via paxillin and talin. Integrins transmit signals not only by organizing the cytoskeleton but also by altering biochemical properties such as the extent of tyrosine phosphorylation of a complex of proteins including ~~125~~~ [36] . Furthermore, since cytoskeletal proteins can potentially regulate plasma membrane proteins such as enzymes, ion channels and antiporters, mechanical stress may modulate these membrane-associated proteins and stimulate second messenger systems through the cytoskeleton. Quite recently, the importance of the ECM-integrin-cytoskeleton complex on mechanotransduction was demonstrated. Wang et al. [37] showed that integrin p 1 not only induces focal adhesion formation but also supports a force-dependent stiffening response. An increase in cytoskeletal stiffness to applied stress required an intact cytoskeleton. These results suggested that mechanical stress is first received by integrin, and that interlinked actin microfilaments transduce mechanical stress in concert with microtubules and intermediate filaments. These experiments were performed using endothelial cells. Thus, it remains unknown whether these mechanisms are applicable to other cell types including cardiac myocytes, and, if so, how integrin and the cytoskeleton transduce mechanical stress into the biochemical events.
Autocrine/paracn'ne mechanisms
As mentioned in Section 4, stretching of myocytes activates second messenger cascades. Interestingly, the cascades are very similar to those evoked by growth factors or cytokines. It is highly possible that cardiac myocytes and non-myocytes such as fibroblasts, endothelial cells and smooth muscle cells secrete some hypertrophy-promoting factors following a stretch stimulus. Mechanical stress on myocytes has been reported to increase the synthesis of some growth-promoting factors [38] . Many growth factors, including acidic and basic fibroblast growth factors, tumor growth factor p (TGFj3) and insulin-like growth factor I and II, have been reported to exist in the heart, and some of them can induce hypertrophy and specific gene expression in cultured cardiac myocytes [39] . However, there have been few reports concerning the expression of these growth factors during hypertrophy induced by hemodynamic overload. An increase in TGF/3 mRNA level was reported in rat hearts overloaded by aortic banding [35, 40] . However, since this increase is recognized 12 h after banding, it is unlikely that TGF/3 is an initial mediator for a number of events induced by mechanical stress.
Stretching and renin-angiotensin system
It is known that the RAS is involved in the formation of cardiac hypertrophy and that AI1 is in particular a potent stimulator of cardiac hypertrophy [ 161. In addition, AI1 is reported to increase the expression of c-fos and the incorporation of phenylalanine in cultured cardiac myocytes [41, 42] . These responses are similar to those observed when myocytes are stretched [7, 8] . Moreover, some recent reports have shown that cardiac RAS is activated in experimental LVH or heart failure, suggesting that AI1 may act to promote the growth of cardiac myocytes by autocrine/paracrine mechanism. After pretreatment with a specific antagonist of type 1 AI1 receptor, TCV-116, myocytes were stretched and the activity of MAP kinase, the expression of c-fos gene and the synthesis of proteins were determined. TCV-116 inhibited the activation of MAP kinase by 60% and partially suppressed both the induction of c-fo.7 gene expression and the stretch-induced increase in phenylalanine incorporation into cells 1431. Based upon these results, we hypothesize that mechanical stress exemplified by stretch stimulates the secretion of AI1 from cardiac myocytes, and then secreted AI1 produces cardiac hypertrophy. Recent reports have shown that mechanical stretch causes direct secretion of AI1 from the cytoplasmic granules of myocytes [44] . However, because TCV-116 only partially inhibits these events, factors other than AI1 may be involved in hypertrophy induced by stretch. In Fig.  1 , we present an hypothesis of the molecular mechanisms of stretch-induced cardiac hypertrophy. tensive rats (SHR), treatment with TCV-116 significantly decreased LV weight, echocardiographic LV wall thickness and the transverse diameter of cardiac myocytes compared with vehicle-treated SHR. Treatment with hydralazine, however, did not exhibit significant antihypertrophic effects in spite of having an almost identical antihypertensive effect [43] . These results suggest that AI1 contributes to the development of hypertensive LVH not only via its systemic hemodynamic effects but also by its direct growth promoting effect through the type 1 AI1 receptor.
Previous studies showing that ACE inhibitors suppress the remodeling of pressure-overloaded myocardium [45] suggested that ACE inhibitors are cardioprotective. To investigate the role of RAS in the progression of LVH-associated ventricular remodeling, we further examined the effects of TCV-116 on MHC isoform, myocardial fibrosis and hyperplasia of vascular smooth muscle cells [43] . Treatment of SHR with TCV-116 significantly suppressed the increase in the relative amount of V3 MHC, interstitial collagen volume fraction and medial thickening of coronary arteries compared with vehicle-treated controls (Fig.  21 , suggesting the beneficial effects of the type 1 AI1 receptor antagonist on cardiac hypertrophy not only in quantitative parameters of LV mass but also in qualitative features of the heart. Our preliminary results using cultured cardiac fibroblasts, which demonstrate that AI1 stimulates collagen synthesis possibly via autocrine release of TGFP, also support the hypothesis that cardiac RAS contributes to the formation of cardiac remodeling. As discussed in the present review, stretching evokes a variety of signals and events in cardiac myocytes. AI1 might be involved in stretch-induced cardiac remodeling. Future investigation is necessary to elucidate how cardiac myocytes recognize mechanical stress as stimulus and how AI1 is secreted by stretching cardiac myocytes.
